We describe an easily constructed, customizable phantom for magnetic resonance imaging-ultrasound fusion imaging and demonstrate its role as a learning tool to initiate clinical use of this emerging modality. Magnetic resonance imaging-ultrasound fusion can prove unwieldy to integrate into routine practice. We demonstrate realtime fusion with single-sequence magnetic resonance imaging uploaded to the ultrasound console. Phantom training sessions allow radiologists and sonographers to practice fiducial marker selection and improve efficiency with the fusion hardware and software interfaces. Such a tool is useful when the modality is first introduced to a practice and in settings of sporadic use, in which intermittent training may be useful.
I
maging systems allowing real-time fusion of magnetic resonance imaging (MRI) and ultrasound (US) are now commercially available from most major US vendors. 1 This new technology was adopted early in fused real-time transrectal US and prostate MRI to improve the transrectal biopsy yield. 2 Subsequently, the potential utility of this tool has expanded to include applications such as preoperative breast cancer evaluation, 3 hepatic lesion biopsy guidance, 4 and a variety of percutaneous therapeutic and diagnostic musculoskeletal procedures. 5, 6 Safe and efficient integration of any new imaging system into everyday clinical practice can be challenging. Phantoms are an important component in this process, frequently used for quality assurance and assessment of accuracy and reliability. 7 Phantoms also potentially provide an important clinical simulation tool for research and training purposes. 8 A useful MRI-US fusion phantom must fulfill imaging and safety constraints of both imaging systems. The phantom must simulate tissue contrast and provide clinically relevant functionality for the operator (eg, allowing biopsy "target practice" by trainees or practitioners). 9, 10 Most imaging phantoms, for any modality, are expensive, inflexible in their properties, and difficult to repair or replace if damaged. 8, 10 We describe an inexpensive, easily-made phantom for use in MRI-US fusion to facilitate practice by sonographers and radiologists, Video online at jultrasoundmed.org allowing them to gain experience and become more facile in the registration of US images with preacquired MRI data. We present the implementation of practice sessions with such a phantom, easing transition to routine clinical use of this new dual-modality technique and allowing intermittent in-service training in a highvolume outpatient diagnostic and interventional musculoskeletal radiology practice.
Materials and Methods

Phantom Construction
The phantom was created by using a plastic container measuring 19.5 3 9 3 13.5 cm (10 cups in volume), the bottom of which was lined with a thin foam or rubber pad to minimize US reverberation artifacts. The substance of the phantom was created with a mixture of gelatin (Knox unflavored gelatin; Associated Brands, Inc, Medina, NY) and sugar-free psyllium fiber (Metamucil; MultiHealth fiber, original coarse; P&G Health, Cincinnati, OH), adapted from previously described methods. 10 The following proportion of ingredients was used: 500 mL of boiling water per 2 packets of gelatin (14 g ) and 10 g (1 tbsp) of psyllium fiber. Ingredients were introduced into the boiling water gradually while slowly, gently stirring the contents to facilitate even and complete dissolution (3-5 minutes). To minimize gas bubbles in the solution, the water was initially degassed: preboiled for 5 minutes and allowed to cool for 3 hours before use. Elimination of gas bubbles substantially improves MRI quality and US homogeneity (Figure 1 ). The gelatin-psyllium fiber mixture provides a background of low-level echogenicity throughout the phantom, which increases the US conspicuity of simple fluidfilled inclusions (simulating cysts) and opacifies the substance of the phantom, blinding the operator to its internal components. 10 Inclusions were placed into the middle of a phantom by pouring the gelatin in stages. 10 We used a small (3 cm diameter) water balloon to simulate a simple cyst; the balloon was filled with diluted Gadavist (1-mmol/mL gadobutrol; Bayer Schering Pharma, Berlin, Germany) solution (0.1 mL/10 mL of water), the same dilution factor used for MRI arthrogram injections in our department. The T1-shortening properties of gadolinium enhance contrast of the structure with the aqueous background. A small wooden bead (5 mm diameter) inclusion was also used. Finally, a network of 3 points to be used as fiducial markers was constructed by using plastic tubing and 3-way stopcocks (unused material collected from generic procedure trays used for injections in our department) filled with the diluted gadolinium mixture and arranged in a triangular configuration. Three-way stopcocks formed each of the 3 "joints," which could be used as identifiable fiducial markers on both MRI and US imaging for image coregistration ( Figure 2 ). This component was positioned obliquely relative to the phantom's axial plane. Importantly, no metal was used in the construction of the phantom; all materials were "MRI safe." According to the practices of an individual institution, it may be useful to place an official MRI-safe label on the phantom, especially if the phantom is likely to reside in the department for repeated use by multiple staff members.
Imaging Techniques
Magnetic resonance imaging was performed with a 3-T Magnetom Skyra scanner (Siemens AG, Erlangen, Germany). The phantom was easily accommodated by a standard head coil. Proton density-weighted axial, sagittal, and coronal sequences were obtained (repetition time, 3000 milliseconds; echo time, 24 milliseconds; 1.5-mm slice thickness; voxel matrix, 0.8 3 0.8 3 1.5 mm), although only a single plane of imaging is necessary for fusion.
Ultrasound imaging was performed with an Acuson S3000 US system equipped with eSieFusion application software (Siemens AG, Munich, Germany), allowing real-time US imaging to be fused with preacquired MRI data. This process was achieved by using a position sensor attached to the US transducer in conjunction with a stand-alone electromagnetic field generator, allowing localization of the transducer in space (Figure 3) . 5 Most scanning was performed with a 9-MHz linear array transducer, although a curved array 6-MHz transducer was also tested.
Magnetic resonance imaging-US fusion used preacquired MRI data from the phantom, which was uploaded onto the US console from the radiology picture archiving and communication system (PACS; Philips Healthcare, Issaquah, WA). This process can be achieved either by "pushing" sequences from the PACS onto the US console, or "pulling" the study from the PACS. If the entire study is transferred, it is useful to know which specific sequence is desired for fusion, allowing it to be easily found on the console. Real-time US images were registered by the eSieFusion application software. Adequate fusion was achieved with a minimum of 3 manually selected unique fiducial markers (Figure 4 ).
Education and Training Process
Informal training took place in several short (15-20 minutes) sessions integrated into the clinical workday involving 3 musculoskeletal sonographers. Each Figure 1 . Phantom homogeneity has substantial effects on image quality. A, Proton density-weighted MRI (3-mm slice thickness); and B, MRI-US fusion images of a phantom created without first degassing the water used to prepare the gelatin. Numerous gas foci (arrows) trapped in the phantom markedly degrade image quality. Complete dissolution of gelatin and psyllium powder must also be ensured to prevent "clumping" (arrowheads), which appears as inhomogeneity on MR and US images. C, Proton density-weighted MRI (0.75-mm slice thickness); and D, MRI-US fusion images of a phantom created with degassed water. Care was taken to ensure complete dissolution of phantom ingredients. Phantom homogeneity and a lower slice thickness result in greater conspicuity and improved definition of the wooden bead inclusion (asterisks) in the reconstructed MR and US images. E, Proton density-weighted MRI of a commercially available MRI-US fusion phantom designed to simulate prostate MRI. Similar contrast and homogeneity levels can be achieved with a hand-made phantom involving considerably less expense. F, Proton-density-weighted MRI of a different commercially available phantom shows that even these expensive phantoms are subject to damage and artifacts related to internal gas trapping (arrows).
sonographer underwent 2 training sessions in which the physical setup of the fusion system, importing of PACS MRI data to the US console, and image coregistration techniques were reviewed. After being familiarized with the setup, work flow, and basic imaging application functionality, the sonographers underwent at least 3 trials Figure 2 . A, Proton density-weighted MRI multiplanar reconstruction of the phantom shows the triangular arrangement of 3 joints (arrows), which serve as potential fiducial markers. Fiducial markers should be easily recognizable on MR and US images, as shown in B, MRI-US fusion images where a fiducial point is being placed (green dot) at one of these joints. with the phantom, in which they physically set up the fusion system, selected imported MR images, and scanned the phantom to achieve coregistration by selecting 3 fiducial markers. These efforts were timed to measure effects of the training process on efficiency. A musculoskeletal radiologist and a radiology fellow also underwent serial trials to achieve coregistration of phantom MR and US images.
Results and Discussion
Phantom construction was easily achieved, requiring approximately 2 to 3 hours, and was inexpensive (overall cost of approximately US$20-$40). The phantom was stored in a sealed container under refrigerated conditions (388F or 3.338C). Magnetic resonance and US imaging of the phantom was of excellent quality, allowing clear depiction of real-time fusion (Figures 1 and 2 ).
Training sessions with the phantom facilitated efficient use of the MRI-US imaging system by both the sonographers and radiologists ( Table 1) . The average setup time by the sonographers was 3 minutes 15 seconds after 2 training sessions, simulating the time from the patient's entering the examination room to the moment when fiducial markers would be selected to initiate fusion imaging. After a single training session, the average time for the sonographers to acquire 3 fiducial markers was 77 seconds, and it was 54 seconds among the radiologists (Table 2) .
Training sessions emphasized facilitating ease of use, familiarity with hardware and software functionality, and simulation of a patient care scenario. Although the initial training sessions presented here were performed for purposes of introducing the software into clinical practice for the first time, we advocate the use of a phantom to allow intermittent and continuous in-service training as well. Such sessions would refresh familiarity with work flow and functionality, especially in practices with sporadic clinical use of MRI-US fusion.
Our phantom was constructed without substantial expense and used easily acquired materials; the tubing and gadolinium-based contrast agent are readily available in most radiology departments. Although commercially available phantoms may be of high quality and can be customized to order, they are very expensive, may be constrained by specific manufacturing parameters, and may be time-consuming to obtain. 8, 11 Additionally, if damaged or defective, repair or replacement is expensive or may not be feasible (Figure 1) .
Considerable phantom longevity was achieved with proper storage (4 months, in our experience with multiple phantoms). Care must be taken to apply only mild pressure on the gelatin surface of the phantom while scanning, as repetitive use and excessive pressure can eventually damage the surface. When such damage occurs, the phantom can be easily repaired by pouring a thin layer of gelatin atop the damaged area and allowing it to set. Care should be taken to remove US gel from Figure 4 . Real-time MRI-US fusion is accomplished by selecting fiducial points on both imaging modalities. A fiducial point has been selected at the apex of a cystic inclusion within the phantom (green and turquoise points) for image coregistration. the phantom's surface before storage, as its high water content promotes gelatin breakdown. In our experience, proton density-weighted sequences optimized the contrast level of phantom components and were easily acquired. For example, proton densityweighted images allow contrast between pure water and a diluted water-gadolinium mixture, simulating the application of MRI-US fusion for identifying areas of gadolinium enhancement that may otherwise be occult or indistinguishable on US imaging alone.
Image postprocessing by the eSieFusion application uses a single MRI sequence to reconstruct volumetric data, allowing visualization of the reconstructed data set in any plane. An inherent loss of image quality occurs in this process; superior fusion image quality will therefore be achieved if the voxel size and slice thickness are minimized. We achieved optimal image quality using an axial plane of imaging with a 0.75-mm slice thickness ( Figures  1 and 3) . Image fusion alignment requires multiple complicated steps, which are performed by the fusion software. The details of this process are beyond the scope of this work, but accurate coregistration of images has been previously reported. [12] [13] [14] [15] [16] Ultrasound scanning was primarily performed with a 9-MHz linear array transducer because of its frequent utility in musculoskeletal US. Fusion capabilities are also available for use with the curved array 6-MHz transducer, which creates a large field of view and visualizes greater depths, allowing the operator to view large portions of the phantom on a single image. We recommend that potential fiducial points be placed in relatively close proximity to allow more facile coregistration; similarly, in clinical use, points should be chosen in relative close proximity to each other and to the general area of interest (eg, a mass targeted for biopsy). It has been demonstrated that the accuracy of coregistration is superior in the immediate vicinity of the fiducial markers and decreases with distance from the markers. 7 Fiducial points are chosen at the operator's discretion, although they should be well defined by both MRI and US (Figure 4 and Video 1). Because initial fiducial point selection defines the position of the phantom in space, it is useful to design the phantom with inherent asymmetry, allowing one side of the phantom to be immediately defined with the placement of 1 or 2 points. It is important for the phantom to remain fixed in one position during and after coregistration; similar principles apply for clinical use on patients. The transducer can be freely moved throughout space within proximity to the electromagnetic field generator because of its position sensor, but if the subject being scanned is moved, the coregistration process must be repeated.
We acknowledge several limitations of our work. The phantom described here has no intrinsic components to measure the accuracy or precision of image fusion. This process could be theoretically accomplished by allowing an overlay of acquired and reconstructed US and MR data sets. Admittedly, handmade phantoms have neither the material uniformity nor the precision that such measurements require. However, as our experience indicates, they promote familiarity with the software and sequence of steps required to perform fusion, thereby obviating the need to have a vendor application representative present for each procedure involving the fusion functionality. Finally, our phantom was not designed for practice of interventions such as biopsy and aspiration, although it could be adapted for this utility, as has been described previously in a commercially made phantom. 8 In conclusion, we describe the construction of an inexpensive, versatile dual-modality phantom for use in MRI-US fusion imaging. The phantom can be used as a training tool for efficiently integrating this new dualmodality imaging technique into routine clinical practice.
